Abstract: An investigation was undertaken to evaluate a set of cyanobacterial strains in terms of production of biocidal compounds exhibiting allelochemical and fungicidal properties. Two cyanobacterial strains -Anabaena sp. and Calothrix sp. were selected for further investigation, on the basis of their larger inhibition zones on the lawn of Synechocystis and Synechococcus sp. and two phytopathogenic fungi -Rhizoctonia bataticola and Pythium debaryanum. The diameter of the inhibition zone was largest when extracellular filtrates of the two cultures incubated at high light intensity (90-100 µmol photons m −2 s −1 ) and temperature (40 ± 2
Introduction
Cyanobacteria are a remarkable group of photosynthetic prokaryotes, comprising more than 150 genera and 2,000 species (Prasanna & Kaushik 2005) , which play diverse yet significant roles in aquatic and terrestrial ecosystems. Their major significance in agriculture as biofertilizers, which is of tremendous agronomic value in enhancing crop yields and sustaining soil health, especially in rice based cropping systems, is attributed to their capacity to fix dinitrogen from the atmosphere (Venkataraman 1972) . Their excessive growth as blooms in eutrophic lakes, reservoirs and as floating assemblages in marine ecosystems has been notorious and is associated with various kinds of water management problems, intermittent cases of animal sickness and human poisoning besides mass mortality of aquatic flora/fauna, especially drastic decrease in the production of fish in the aquaculture industry. Only during the last decade, the chemical potential of cyanobacteria for producing structurally novel and biologically active natural products is being realized and exploited globally (Patterson et al. 1995; Kulik 1995; Mundt et al. 2001) . Toxic water blooms comprising genera such as Microcystis, Anabaena, Nostoc, produce a diverse array of bioactive compounds exhibiting antibiotic, algicidal, antifungal, cytotoxic, immunosuppressive and enzyme inhibiting activities (Mundt et al. 2001; Jaiswal et al. 2005 Jaiswal et al. , 2006 Volk & Fulkert 2006) .
Allelopathic interactions involving cyanobacteria and algae also have tremendous implications in interactive biology (Nagle & Inderjit 2002) . Casamatta & Wickstrom (2000) observed that the exudates of M. aeruginosa were inhibitory towards bacterial plankton communities. The production of toxins and qualitative and quantitative information on the regulation of genes involved in toxin synthesis have revealed that a differential expression occurs in response to light quality and quantity, growth phase and chemical stressors (Carmichael 1994) . Terrestrial cyanobacteria such as Anabaena laxa produce antifungal cyclic peptides such as laxaphycin A and B (Frankmolle et al. 1992) . Kulik (1995) reported that extracts from the cyanobacterium Nostoc muscorum Agardh inhibited the in vitro growth of the fungal plant pathogens such as Sclerotinia sclerotiorum (Cottony rot of vegetables and flowers) and Rhizoctonia solani (root and stem rots). A number of compounds exhibiting fungicidal activity against specific agriculturally important fungi have been isolated and patented (Patterson et al. 1995; Hagmann & Juttner 1996; Moore 1996; Volk & Fulkert 882 B. Radhakrishnan et al. 2006). Calophycin, a cyclic decapeptide is the antifungal component of crude extracts from Calothrix fusca (Moon et al. 1992) . Although the industrial potential of these compounds is being exploited in western countries, research in this area in India is limited (Ray & Bagchi 2001) , and scanty literature is available on cyanotoxic compounds useful as biocontrol agents in agriculture. Also, the diversity of the Indian subcontinent, in terms of environmental regimes (including light intensity and temperature) necessitates studies on identifying the most optimal conditions for the production of biocidal compounds by the selected cyanotoxin producing cyanobacteria. Keeping in view the potential of cyanobacterial metabolites in biocontrol of fungi, this investigation was aimed at evaluating the fungicidal activity of two selected cyanobacteria and determining the abiotic factors leading to enhanced bioactivity.
Material and methods
Growth and maintenance of organisms A set of ten axenized cyanobacterial strains isolated from rice fields, Azolla fronds, and water bodies, were screened for their algicidal activity and fungicidal activity ( were used for evaluation of fungicidal activity of cyanobacterial strains. The cyanobacterial strains were axenised by standard procedures employing a set of antibiotics (Kaushik 1987 • C in nitrogen free BG-11 medium (Stanier et al. 1971) . Potato dextrose medium (broth and agar) was used for the growth and maintenance of the fungal cultures used and the plates were inoculated with the fungal mycelia and incubated at 30
• C in a BOD incubator (Commonwealth Agricultural Bureaux 1968) .
Screening of the cultures for biocidal activity All the ten strains to be screened were tested for allelochemical activity utilizing Synechococcus and Synechocystis as test organisms. Double layer technique was employed to obtain a uniform lawn of test organisms (Flores & Wolk 1986) . Sterilized filter paper disc of 5 mm diameter soaked in cultures of cyanobacterial strains were placed on the lawn of test organism. The presence of an inhibition zone was taken as a positive indication, and the diameter of the zones was measured. Secondary screening was done using the cell free filtrates and sonicated filaments of the two selected cyanobacterial strains for identifying the stage of growth, time of appearance and the diameter of the zone of inhibition leading to maximum algicidal activity.
Five fungi, causing diseases of various crops, were used as test organisms. The dual culture method was used for evaluating the fungicidal activity of the cyanobacterial strains. The presence of inhibition and the diameter of the zone were taken as positive indices of fungicidal activity. Two fungi -Pythium aphanidermatum (ITCC 124) and Rhizoctonia bataticola (ITCC 64), were selected for further analyses on the basis of this experiment. Secondary screening was done using the two selected fungal strains for identifying the stage of growth, time of appearance and the diameter of the zone of inhibition leading to maximum fungicidal activity.
Partial purification using the ethyl acetate fraction of the culture filtrate of Calothrix elenkenii and benzene: acetone (45:5) solvent system was undertaken by preparatory TLC (Silica G plates; 20 × 20 × 0.5 mm).
Influence of environmental factors on algicidal and fungicidal activity of the two selected cyanobacterial strains The two selected cyanobacterial cultures (Calothrix elenkinii and Anabaena sp.) were inoculated at a rate of 10% in 250 mL conical flask, containing 125 mL sterile BG 11 medium, under the conditions (light-temperature, P levels and pH) as given in Table 3 . After 14 days, filter paper discs were soaked in the culture filtrates and placed on the lawn of the two unicellular cyanobacteria and the two fungi. The time of appearance of the zones and the diameter of the inhibition zone were measured and the conditions leading to maximum biocidal activity were identified. BG-11 medium buffered with Glycine-NaOH buffer was set at different pH values (8.0 ± 0.2; 9 ± 0.2; 10 ± 0.2) and used for evaluating the effect of different pH levels of medium on biocide production of the two cyanobacterial strains and compared with control. The effect of different levels of phosphorus on the biocide production of two selected cyanobacterial strains was analysed. BG-11 medium was modified so as to provide 50%, 100% and 200% of P level compared to routine BG-11 medium, i.e. 0.35, 0.7 and 1.4 mg P/L added as K2HPO4. The K levels were maintained by addition of KCl to provide equivalent balancing counter ions (Ray & Bagchi 2001) .
Statistical analyses
The data recorded in triplicate for the parameters in various strains were subjected to ANOVA (Analysis of variance) in accordance with the experimental design (Completely randomised block design) using MSTAT-C statistical package to quantify and evaluate the source of variation.
Results
Primary screening for algicidal and fungicidal activity A set of ten cyanobacterial strains was evaluated for the production of biocidal compounds, using two cyanobacterial test organisms -Synechocystis sp. and Synechococcus sp. Except for Anabaena variabilis, all the other strains exhibited inhibition zone on the lawn of either one/both of the test organisms-Synechococcus and Synechocystis (Table 1 ). The cyanobacterial strains were also screened for their fungicidal activity against five fungal strains -Rhizoctonia bataticola, Sclerotium rolfsii, Macrophomina phaseolina, Pythium aphanidermatum and Pythium debaryanum. Only four cyanobacterial strains exhibited fungicidal activity against Rhizoctonia bataticola, Pythium aphanidermatum and Pythium debaryanum, two of these strainsAnabaena sp. and Calothrix elenkinii (Figs 1, 2) which exhibited a broad spectrum of antifungal and algicidal activity were selected. Two fungal strains -Rhizoctonia bataticola and Pythium aphanidermatum were selected as target organisms for further analysis. On the basis of the algicidal and fungicidal screening of the cell-free filtrates of Calothrix sp. and Anabaena sp., 14d old cultures were selected as the optimal stage for maximum production of biocidal compounds by these two organisms.
Fractionation of the culture filtrate using ethyl acetate and analyses of the organic fraction using TLC led to the separation of a single band, which was analysed further by GLC and HPLC (data not shown).
Biocidal activity as influenced by environmental factors
In terms of algicidal activity, significant differences in the diameter of the inhibition zone (which ranged from 10-28 mm) were observed (Fig. 3A) . Among the treatments involving Anabaena sp., the diameter of the inhibition zone was maximum when filtrates from cultures grown at a temperature of 40 ± 2 • C / 5000 lux were tested against Synechococcus sp. No activity was observed at the lower temperature of 20
• C. A similar pattern was observed in terms of fungicidal activity and (Fig. 3B) .
In Calothrix elenkinii, the highest values in terms of the diameter of the inhibition zone were also recorded with filtrates from cultures grown at 40 • C/1000 lux on the lawn of both of the tested cyanobacterial strains (Fig. 3C) . Calothrix filtrates inhibited the growth of both of the fungi tested at all the temperature-light conditions evaluated. The diameter of the inhibition zone did not vary significantly and ranged from 11-13 mm (Fig. 3D) , when filtrates of cultures were grown under 27 ± 2 . In terms of algicidal activity, the diameter of the zone of inhibition produced by filtrates of Anabaena sp. was in the range of 9-34 mm, at pH of 8 (Fig. 4A) .
When the filtrates against Synechococcus, the zone of inhibition ranged between 12-36 mm, whereas against Synechocystis, the zone varied from 23-29 mm. No zone of inhibition was recorded at the higher pH of 9.0 and 10.0. No algicidal activity was observed when filtrates from cultures grown at pH of 9.0 and 10.0 were used. The culture filtrates of Anabaena sp. grown at pH 8.0 were the only ones able to show the zone of inhibition against both fungi (i.e. Rhizoctonia bataticola and Pythium aphanidermatum). The highest values recorded in terms of the diameter of the inhibition zone were 10.33 mm against Rhizoctonia bataticola and 9.66 mm against Pythium aphanidermatum. No fungicidal activity was observed when filtrates from cultures grown at pH of 9.0 and 10.0 were used (Table 2 ). In the experiment involving Calothrix elenkinii, the maximum algicidal activity (diameter of the zone of inhibition -32-33mm) was exhibited by filtrates from cultures grown at pH 8.0, with a 60-70% decrease at pH 9.0 (i.e. 10-18 mm) and no zone of inhibition at pH 10.0 (Fig. 4B) . In terms of fungicidal activity, inhibition was recorded only at pH of 8.0, with the diameter of the inhibition zone ranging from 13.0 mm against Rhizoctonia bataticola and 7.33 mm against Pythium aphanidermatum.
In terms of algicidal activity, the diameter of the inhibition zone ranged from 11-30 mm in all the treat- ments involving filtrates from Anabaena sp. (Fig. 5A.) . Maximum activity, in terms of an inhibition zone of 29.0 and 30.33mm was recorded when filtrates from cultures grown with 1.4 mg P/L in the growth medium were tested. Culture filtrates of Anabaena sp. grown at 1.4 mg P/L levels showed maximum inhibition of Rhizoctonia bataticola followed by those grown at 0.7 mg/L levels. Anabaena filtrates also inhibited the growth of Pythium aphanidermatum and the zone of inhibition ranged from 7-11 mm in diameter and showed dosedependency on the level of P in the growth medium (Fig. 5B) . In the studies involving culture filtrates of Calothrix elenkinii, the largest diameter of the inhibition zone recorded was 32.33 mm on the lawn of Synechococcus sp., when samples were drawn from cultures grown with 1.4 mg P/L, followed by 0.7 mg P/L (30.33mm) and the minimum zone (21.33 mm) at 0.35 mg/L (Fig. 5C) . In terms of fungicidal activity, a similar pattern was observed and the diameter of inhibition zone varied from 5-13 mm. The diameter of the zone was maximum (12.33-12.66 mm) when filtrates from cultures grown with 1.4 mg P/L were tested, followed by those from cultures grown with 0.7 mg/L in the medium (Fig. 5D) .
The influence of the various environmental factors on growth attributes of the two cyanobacterial strains was also evaluated (Table 3 .)
Discussion
The prolific growth of cyanobacteria as blooms in water bodies leading to eutrophication and health related problems has led to intensive research on the bioactive substances produced by these ubiquitous prokaryotes. Information on the occurrence and the impact of cyanotoxins is well documented, but scanty information is available on the spectrum of biocidal properties of these substances. An investigation was therefore undertaken to evaluate the algicidal and fungicidal properties of compound(s) produced by a set of cyanobacterial strains from diverse habitats, and their modulation by environmental factors.
During the course of our screening program at CCUBGA, IARI, we observed algicidal activity in a number of isolates obtained from diverse habitats including rice/wheat fields, ponds (in and around Delhi and Varanasi) and cyanobionts of Azolla (Jaiswal et al. 2005) . A set of ten such strains was tested for algicidal activity in terms of the inhibition zone formed on the lawn of unicellular test cyanobacterial strains Synechocystis and Synechococcus and five pathogenic fungi. Cell free filtrates from 14d old cultures of two promising strains -Anabaena sp. (which had been isolated from Azolla fronds) and Calothrix elenkinii (isolated from rice fields, IARI), were selected for further studies as they showed larger inhibition zones on the lawn of both of the test organisms and two fungi, namelyRhizoctonia bataticola and Pythium debaryanum. A number of abiotic and biotic factors are known to influence the production of biocidal compounds. Among them, light is a major factor for these photosynthetic organisms. In our study, we examined the combined effect of light intensity and temperature and found that high light intensity (4500-5000 lux) + 40±2
• C enhanced the growth (in terms of chlorophyll and dry weight of the cyanobacterial strain, data given in Table 3 ) and biocidal activity (in terms of the diameter of the inhibition zone on the lawn of test organisms). Seasonal periodicity in toxicity is a well-known phenomenon in algal blooms, which is intricately related to the light and temperature conditions prevailing in the growth environments (Codd & Poon 1989; Sivonen 1990; Jaiswal et al. 2006) .
Most of the studies on the influence of environmental factors, especially light and nutrients, on toxins production have been done with Microcystis sp. An enhancement in toxicity levels was observed, as measured by mouse bioassay, when light intensity was increased from 7.53-30.1 µmol photons m −2 s −1 (van de Westhuizen & Eloff 1983; 1985) . In these studies, toxicity was independent of light intensity at higher light intensities. But Utkelen & Gjolme (1992) found that at higher light intensities (> 45 µmol photons m −2 s −1 ) a decrease in toxicity was observed. Wicks & Thiel (1990) reported only minor differences in toxicity at light intensities of 37 and 270 µmol photons m −2 s −1 , which was also in consonance with the observations of Codd and co-workers (1988) . Toxin production at different temperatures may also be strain dependent e.g. toxin production of O. agardhii CYA 128 was equally good at 15-25 there was a gradual decrease in the toxin concentration (Sivonen 1990) . Oscillatoria agardhii strains were observed to produce similar amounts of toxins at a temperature of 15-25
• C but lowest values were recorded at 30
• C. However, in our studies, the isolates being of tropical origin, possessed the ability to tolerate higher temperature and light intensity as compared to the Oscillatoria sp., which is an isolate from temperate waters.
Interestingly, Sivonen (1990) pointed out that such conflicting results published might also be due to a difference in light sources (spectrum of light sources), different behaviour of strains and species, different culture media used and a difference in toxin detection methods. Influence of other factors such as pH or nutrients is a relatively less investigated aspect. Ray & Bagchi (2001) studied the effect of pH ranging from 7-11 on the growth, cellular and extracellular algicide accumulation and algicidal activity (in terms of minimum inhibitory concentration) in culture filtrates of Oscillatoria laetevirens. In terms of growth, the organisms exhibited a broad range with maxima at pH 10 but the yield of algicide was enhanced 4 folds at pH > 9, as compared to low or neutral pH. In our study, pH 10 significantly reduced the growth of both of the organisms. Algicidal/fungicidal activity was also absent or drastically reduced at pH of 9 and 10. Therefore, both these organisms exhibited a very narrow spectrum of pH tolerance, which significantly influenced their biocidal activity. Both our isolates and Oscillatoria laetevirens are of tropical origin, however their pH optima are different, and this can be employed as a selective tool to check their proliferation in water bodies where they form a nuisance.
The enhanced availability of nutrients such as N and P in water bodies or runoff into soil is known to promote the growth of bloom forming algae, especially cyanobacteria. Sivonen (1990) reported that growth was not affected by phosphorus concentration within the limits of 0.4-5.5 mg/L. In our study, the following amounts of P in BG-11 medium were employed: 0.35, 0.7 and 1.4 mg/L. Ray & Bagchi (2001) evaluated the levels of P (i.e. 8.5, 17, 34 nM, with reference to BG-12 medium used in their study) and observed that although growth was reduced with increasing concentration of P, the algicide content was enhanced. In our study, biocidal activity of the culture filtrate of both of the strains exhibited a sharp increase when the P levels were enhanced from 0.35 to 0.7 and then a gradual increase at 1.4 mg/L P levels in the medium, demonstrating their high P requirement and accumulating ability. Sulfate and phosphorus limitations are known to lead to pleiotropic effects on cyanobacterial toxin metabolism and the latter element is known to be the limiting factor influencing the growth of toxic cyanobacteria.
Further studies are in progress to understand the chemical nature of the biocidal compounds and preparation of biocontrol formulations. This can provide novel inputs, in terms of integrated pest management, for environmentally safe "organic" and "green" agriculture.
